In CAS literature, one finds numerous examples of the usage of directly measured surfaces. Those surfaces are usually measured using so called "Surface Scanners" which employ structured light (pattern projection or laser) to measure the surface. From an integration standpoint, it would be beneficial for many applications to have all patient data in a common repository and since in many cases radiology images are involved as well, a PACS is a natural option for storage of this data. DICOM -the major standard used for storage and transmission of data within a PACS -has recently been extended by the option to store surface meshes using a newly introduced data structure. This new Surface Mesh Module can serve as a basis for storage of data generated by an optical surface scanner. Nonetheless, a new Information Object Definition for this kind of data has to be introduced to reflect the specific needs: Device specific parameters have to be stored and, in addition to the Surface Mesh Module, there must be the possibility to store textures as well. This paper gives an overview about the specific requirements and an outline of a Work Item leading to an Optical Surface Scan Information Object Definition (IOD).
INTRODUCTION

Applications of Optical Surface Scanners in Computer Assisted Therapy
There are many applications in computer assisted surgery and related disciplines which involve the usage of directly measured surfaces. Examples are Cranio-Maxillofacial Surgery, Dentistry, Reconstructive Surgery 1 2 3 4 or aesthetic surgery 5 6 (Figure 1 ). Surfaces can be measured by various means. The most prominent technique is optical surface scanning ( Figure 2 ). In the referenced papers, surface scanners are utilized to acquire geometric models of patient surfaces. Besides for the acquisition of geometric patient models, optical surface scanners are also used for technical applications in the operating room, e.g. intraoperative registration 7 and measurement of body curvature for projectionbased augmented reality 8 9 . Optical surface scanners are also used for medical applications and studies with no direct relation to surgical treatment, e.g. full body scans for anthropometric 10 , morphometric purposes or.forensic documentation of surface injuries 11 . Although the body surface can be acquired using traditional modalities like MRI, only surface scanners allow capturing data under natural gravity conditions since the patient is not forced to lie horizontally during the acquisition 4 . Figure 1 . Measuring the superficial curvature and shape of a breast (left) 12 and a merged pre-and postoperative 3D model for bi-maxillary surgery (middle and right) 13 .
Technical Introduction to Optical Surface Scanners
The general working principle of optical surface scanners is as follows: The devices project structured light (a known pattern or laser line) onto the surface. The pattern is deformed by the surface and the deformed structure is captured by a camera. Since the projected pattern is known in advance, the elevation profile of the surface can be calculated from the deformed pattern visible in the image (Figure 3) . Usually, the elevation profile is stored as point cloud. Many applications apply a post processing step to generate a surface mesh from the point cloud. Single-lens reflex (SLR) camera Digital Light Processing (DLP) pattern projector Figure 3 The structured light pattern projected by an surface scanner on a test object, resulting point cloud and generated mesh.
For most medical applications more than one acquisition has to be conducted in order to compose a comprehensive point cloud or surface representation of the object of interest. Reasons for this can be undercuts on the scanned objects which disallow visual access to all parts of a scanned object from one point of view, the size of an object, and the requirement for a full 360° representation of an object, which cannot be obtained without rotating the object or the scanner. After multiple acquisitions, the construction of a single point cloud which represents the measured object requires the application of a manual or automatic point cloud matching operation. There exist several approaches to automatic point cloud matching for optically scanned point clouds. Some are purely data driven 14 15 , others integrate knowledge about the motion of the object and/or the scanner between acquisitions.
There are systems which support automatic registration by using a device for rotation of the measured object or by tracing or knowing by design the scanner's position in space. It is also feasible to add artificial fiducials which can be used for the registration process 16 .
Additional post processing tasks include the removal of outliers, the closure of holes, and the smoothing of bumpy surfaces. All three are potential effects from improper lighting conditions or measuring artifacts. In some cases, the measured point clouds or meshes are undergoing a reverse engineering process to create parametric surfaces.
Additionally to the mere surface, there are systems available which offer the option to store the texture of the object as a visible light image which can be rendered as texture on top of the surface. Using this technique, a photo-realistic appearance of the reconstructed surface can be achieved 17 .
Need for Standardization
Most optical surface scanners are delivered and used with specific software for scanner control, measurement postprocessing and visualization of the point clouds and reconstructed surfaces. In most cases, export of the surfaces using established file formats such as "Stereolithography" (StL) is supported, but a lot of important information about the measurement process, and therefore about the quality of the data, is lost. To avoid this loss of data and to provide a common interface, the development of a standardized data format is needed. This data format can be used for transportation and storage of measured surfaces and would allow the modularization of applications using those scanners.
The current tight coupling of scanner hardware and software for visualization and post processing hinders the inclusion of a new scanning device into an existing data processing workflow. The user of a scanner system might be interested in keeping his well-known software when replacing the scanning device or to choose the software product which suits best to his requirements. The free choice of post-processing applications independently from the device will be facilitated by a standardized interface between the scanning device and third party post-processing applications.
From an integration standpoint, it would be beneficial for many applications to have access to all patient data via a unified infrastructure. Since in many cases radiology images are involved as well, a PACS (Picture Archiving and Communication System) is a natural option for storage of this data. Additionally, a PACS is usually designed for long term storage and consistency of the data and a scanned surface is a kind of patient data that has to be archived especially when it was relevant for the patient's treatment or diagnosis. The data format used within a PACS environment is typically defined by the Digital Imaging and Communications in Medicine (DICOM) standard.
To promote the storage of optical surface scans within the PACS environment, DICOM WG-24 "Surgery" decided at its meetings 2009 during CARS (Computer Assisted Radiology and Surgery congress) in Berlin and RSNA (Radiological Society of North America congress) in Chicago to start efforts into the direction of defining a DICOM supplement for optical surface scans.
METHODS
DICOM is the major standard used for storage and transmission of data within a PACS. DICOM is constantly enhanced by so called "Supplements" which are adding new features to the DICOM standard. A Supplement is prepared by one or more DICOM Working Groups based on a Work Item. A device which optically measures a surface may be seen as a new modality within the DICOM standard. Individual attributes have to be defined and to be structured together with already existing attributes within an "Information Object Definition" (IOD) -in our case we will define an "Optical Surface Scan IOD". The attributes of this IOD are grouped in "Modules". The merging of an IOD with communication services results in a new "Service Object Pair" (SOP) class.
In 2008, DICOM introduced the option to store surface meshes by providing DICOM Supplement 132 18 . This supplement introduced the "Surface Mesh Module" which represents point clouds as well as surface meshes with the means of surface primitives such as triangles or polylines. We investigated whether this module is sufficient for the storage for data resulting from an optical surface scan and if there are other DICOM objects which could serve as a basis for the newly developed Optical Surface Scan IOD.
We propose the introduction of an IOD for scanned patient surfaces. As a basis for this IOD, we collected parameters which are required to describe the semantics and the acquisition process of a scanned patient surface. We investigated which DICOM mechanism would be apt to represent texture maps and which additional mechanisms are required to declare the mapping of the texture to surface points.
All features which are to be introduced by the new Supplement must have a justification from real world use cases. Use cases are coming from many application areas. To prepare a proper Work Item, input is requested from interested individuals, manufacturers or organizations. As a starting point, a list of 25 exemplary scientific projects and commercial applications has been compiled. Additionally, national (German) and international vendors of devices and software were contacted to enquire about their potential needs and motivation with respect to a DICOM standard for storage of optical surface scan data. From the survey of the applications and the discussion with vendors, a preliminary list of use cases and issues to discuss was compiled.
In addition to DICOM WG-24, WG-22 (Dentistry) is also interested in this work item and will contribute use cases from dentistry. WG-17 (3D) and WG-13 (Visible Light) announced to contribute to the Supplement as well. DICOM WG-11 (Display Function Standard) is of importance because they are actually discussing three-dimensional presentation states which include presentation states relevant for the visual appearance of the reconstructed surface (see 3.2).
RESULTS
Use Cases and Application Fields
A graphical representation of an initial list of use cases is shown in Figure 4 . The use cases were derived based on 25 scientific papers and product reviews from different surgical disciplines including dentistry 3 , cranio-maxillofacial surgery 1 , breast surgery 5 6 , aesthetic surgery 4 , neurosurgery 7 , orthopedics 19 as well as technical approaches which are more or less application independent. Furthermore, optical scanners may be used to analyze the gait 20 , to monitor the correct patient position 21 , to evaluate the outcome of e.g. spinal surgeries by measuring spine deformities 22 , or as input data to patient-individual prosthesis design processes 23 . Use cases occur at all stages of the surgical treatment, beginning from pre-operative planning via intra-operative usage to post-operative evaluation. There are also use cases from nontherapeutic medical studies, like full body scans to measure the body shape 10 . All use cases for optical surface scans seem to have enough commonality to aim on defining one single IOD capable of serving all use cases. The industry-survey was very encouraging: Eight prominent national (German) vendors were contacted, seven of them showed considerable interest and gave positive feedback. The one vendor which was not overly positive already built his own proprietary DICOM implementation. The international response is expected to be available within the first half 2010.
Analysis of DICOM Supplement 132 and other DICOM IODs
Supplement 132 "Surface Segmentation Storage SOP Class" introduces the "Surface Segmentation Module" which is used to describe the properties of a segmentation and of the resulting surfaces. The basic structure of this module can be used as a starting point for the general description of the scanned surface (e.g. number of surfaces, scan methods used, etc.). The second module introduced is the "Surface Mesh Module" which stores the geometric and topologic definition of one or more surface meshes.
If a DICOM Module is used in an IOD it must be ensured, that all mandatory attributes which are defined within this module can be filled with meaningful values. Additional attributes can be added by the newly defined IOD. We investigated, whether the Surface Mesh Module fulfils this requirement and conclude that for all mandatory attributes (see Table 1 ) of this module meaningful values can be found. The "Points Macro" is capable of storing the point clouds generated by a scanner; the "Surface Mesh Primitives Macro" allows storing meshes generated from point clouds. Textures are images which are distorted in order to be "wrapped" around a surface object. Textures are used in computer graphics to enhance realism of object representation and are often provided by optical surface scanners together with scanned point clouds or reconstructed surfaces. Texturing is depended on a 2D color or black and white image (the texture map) and an explicit or implicit function which assigns ("maps") surface points to texture coordinates.
DICOM is already capable of transferring and storing visible light images using the "Visible Light (VL) Image IOD". Separate IODs have been defined for specialized applications. Some of them support only single frame images, others support both single frame and multi-frame video images. The "VL Photographic Image IOD" (see DICOM Part 3, A.32.4) has been considered most appropriate for storing a texture taken by a photographic digital camera. The drawback of using this IOD is that image pixel are stored using the Image Pixel Module (DICOM Part 3, C.7.6.3) which on one hand allows for exact description of the properties of the image including e.g. pixel aspect ratio or optional color lookup tables, but on the other hand, is not capable of using lossy image compression which results in large files. Compressed images in jpg-format are used in the DICOM "Secondary Capture" (SC) Modules (DICOM Part 3, C.8.6). The most appropriate of these modules for the storage of textures would be the "SC Image Module" (DICOM Part 3, C.8.6.2). By including this module into an IOD for scanned patient surfaces, texture maps could be included in the objects. However, the texture image acquired by a scanner is not a "secondary capture" but a primary image and therefore the SC Module might, semantically, not be the optimal choice. Hence, it can serve as template for the structure of the description of a separate module for texture maps. Both options, the Image Pixel Module and the SC Image Module, only satisfy the demand for a means to store texture maps. In both cases, an additional mechanism for the expression of texture coordinates is required. The third option for dealing with texture maps would be a watchful-waiting-strategy: DICOM WG11 (Display Function Standard) is currently working on a supplement for n-dimensional presentation states, which will include also the texturing of surfaces. It must be ensured that just one commonly accepted mechanism for handling textures is defined within DICOM, therefore the strategy regarding textures within the Optical Surface Scan IOD must be discussed with the members of this working group.
If several surface scans of one object are not aligned by the scanner software itself (which is outside of the scope of DICOM), it is possible to use established DICOM mechanisms to define spatial relations between solitary surfaces. The DICOM Spatial Registration objects are a means to do this. They contain all information that is necessary to describe the registration between two or more objects. The only requirement for the new surface scanner data structures is the presence of a Frame Of Reference (FOR). The FOR is an identifier for one certain coordinate system. Once DICOM objects have such an FOR, it is possible to create a registration object containing the transformation matrices with the corresponding FORs.
Registrations calculated according to landmarks or markers may use the DICOM "Spatial Fiducial" objects to point out these special points.
Storage of Scan Parameters and Handling of several Scanned Surfaces
Device and surface specific parameters will be stored in the new IOD. Examples are scan resolution, scan mode, scanner manufacturer, model and type, lens used, scan angle, scanned object or body part, etc. This list has to be completed with help of the manufacturers of such devices and application software developers.
It is not defined, yet, whether surfaces which are built from several single scans shall be stored separately or whether the resulting registered and merged surface is "the" scanned surface. This also leads to the question, whether the software used to create such combined surfaces shall be regarded as a "device" and which implications will result from such an approach. From a users' perspective, the individual scans are of lower importance since he or she is only interested in the end result. From the scanner manufacturer's perspective, the answer depends on whether the manufacturer is producing the device without post-processing software or whether software is already included. For companies building software solutions based on surface scans, it might be essential to have access to the raw scans in order to perform post-processing in the way the software needs it. To add one more aspect, during progressive scans, the merging of the individual scans is already performed by the device or system. From today's point of view, the solution might be to allow both, a physical device and a software product, to be the "creator" of a surface.
Based on the considerations above, the DICOM Information Model of the Optical Surface Scan IOD could be depicted as seen in Figure 5 .
Optical Surface Scan
Spatially defines For centralized long-term storage on a PACS server, the interface between post-processed data and PACS has to be defined as shown in Figure 6 . It has not yet been decided if both interfaces should be regulated by DICOM or only the interface to the PACS. Figure 6 . Transfer of scanned surfaces between scanners, the PACS, and third-party post-processing software. There is also the option to have a direct communication via DICOM between the scanner and external post-processing software.
Further Open Issues
There are open issues which can not be addressed prior to the appliance for a Work Item since they need broad discussion among all stakeholders. One is, whether traceability of manipulations is needed. In technical applications, some of the software used for manipulating surface scans is capable of tracing every manipulation which affected a single measured point. This is of importance for quality control and traceability of error introduced in the postprocessing. This functionality seems desirable on the first hand; on the second hand it introduces a huge overhead and raises the complexity.
Another open issue is whether the concept is limited to optical measurements. There are other means for determining the shape of a surface, e.g. mechanical measurements. These devices are using a mechanical probe to measure surface points. Apparently, this data can also be stored in the sketched IOD, therefore it would be beneficial to include use cases which utilize such devices into the design process. Further discussion with vendors of such devices is needed to answer this question.
CONCLUSIONS
A survey of existing products and research projects using optical surface scanners showed the importance of this technology for computer assisted therapy and other medical applications. The collected use cases have a lot of commonalities which is a prerequisite for standardization. Due to the pervasion of PACS in modern hospitals and the importance of the DICOM standard in the medical field, it is beneficial for systems interoperability to define a standard for optical surface scanners within DICOM.
The DICOM Surface Mesh Module can serve as a basis for storage of data generated by an optical surface scanner. The initial list of attributes which shall be stored together with the data itself needs to be completed in discussion with the vendors, manufacturers and users of such scanners.
From the introduction of the new Optical Surface Scan IOD we expect better patient data integration and also facilitated consistent long term storage of data. Next steps are completion of the Work Item description and preparation of the respective DICOM Supplement.
